PROGRAM OF LECTURES AND DISCUSSIONS (CONTINUED)
Our work suggests that organic matter in the Alum Shale units of Sweden has been affected postdepositionally by irradiation from uranium decay. The age (C~m brian and Lower Ordovician) and uranium concentration of the Alum Shale units indicate a radiation dosage on the order of 10 9 rads for samples which typically contain 190 ppm uranium. Effects include lowering of kerogen atomic H/C ratios and possibly the raising of atomic 0/C and 13 C/ 12 C stable isotopic ratios. The amount of extractable bitumen/total organic carbon and bitumen saturated/aromatic hydrocarbon ratios are inversely proportional to uranium concentration and, therefore, the irradiation dosage.
Biomarkers, including steranes, hopanes, tricyclic terpenes, pristine, and phytane, are absent in ext~acts from samples with high uranium concentratiOns, although they may be abundant in extracts from samples with low uranium concentrations. C2o, C21, C26, C21, and c28 triaromatic steroids are present in extracts from samples with low uranium concentrations, whereas o~ly C 20 and C 21 are present in extracts from samples With high uranium concentrations. Parent/alkylated P AH (polyaromatic hydrocarbons) ratios are higher in extracts from samples with high uranium concentrations.
Mechanisms presumed responsible for the effects described above include irradiation-induced aromatization, polymerization, and scission. These processes are Manuscript approved for publication on May 25, 1989. known to occur when organic matter is irradiated both in natural settings, such as uranium organic sedimentary occurrences, and in the laboratory.
Oxidation of Organic Matter in the Mineralization Process-Infrared Spectroscopic Analysis of Kerogen from Sediment-Hosted Ore Deposits
By E.S. Ho, R.M. Kettler, and P.A. Meyers, Department of Geological Sciences, University of Michigan, Ann Arbor, Ml 48109-1063
The role of organic matter in the formation of ore deposits is the subject of research _at se~eral s~di~ent hosted ore deposits, including White Pme (Michigan), Alligator Ridge (Nevada), Pueblo Viejo (Dominican Republic), and east Tennessee. Indications of ~rrelation between the character or abundance of orgamc matter and metal (for example, copper, gold, silver) ores at these sites imply that geochemical interactions have occurred between organic matter in rock and metal-bearing fluids. Although the precise nature of these interactions remains unclear, one possibility is that oxidation of organic material and concomitant reduction of ~n stituents in the mineralizing solution caused deposition of metal ores. We used infrared spectroscopic analysis of kerogens to detect any significant oxidation of organic material in mineralized versus nonmineralized samples. The kerogen infrared spectra allow the quantitative identification of any oxygen-containing functional groups (such as carbonyl, hydroxyl, and ether) i~ th~ organic material that may indicate the extent of oXIdatiOn of the organic matter.
. At the White Pine deposit, the Middle ProterozOic Nonesuch Formation of the Keweenawan Supergroup, a lacustrine shale and sandstone unit, hosts copper-silver sulfide deposits. Mississippi Valley type deposits in east Tennessee are lead-zinc sulfides in a paleokarst Devonian carbonate setting. At Alligator Ridge, Devonian and Mississippian Pilot Shale hosts gold, and at Pueblo Viejo, Lower Cretaceous organic-carbon-rich rocks host gold and silver oxide (and sulfide) ores. At these sites there is some correlation between ore deposition and alteration of the organic material. Extractable organic matter from mineralized and nonmineralized samples was examined by gas chromatography. Kerogen from the same samples, isolated by dissolution of the rock matrix, was studied by element and carbon-isotope analyses, as well as infrared spectroscopy.
Preliminary infrared analyses of kerogens show absorption bands that correspond to various oxygencontaining functional groups. Also, we found that kerogen samples from different sites have a unique or signature spectrum. With further refinement of our techniques, it should be possible to establish, through infrared spectra subtraction, any significant difference between the functional groups in kerogen samples from the ore zone and kerogen samples from outside the ore zone. Such information would help establish whether oxidation of organic material at these sites is significant in the mineralization process.
Comparative Geochemistry of Metals and Trace Elements from the Cambrian Alum Shale of Sweden
By Joel S. Leventhal, U.S. Geological Survey, Denver Federal Center, Box 25046, MS 973, Denver, CO 80225
The Cambrian Alum Shale of Sweden is a metalrich black shale. However, the metal distribution varies with stratigraphic unit, and larger amounts of certain metals are in a metamorphosed area.
In nonmetamorphosed parts of the shale, uranium, molybdenum, vanadium, nickel, cadmium, and lead are enriched relative to other black shales. The kolm zones of the Alum Shale that are rich in organic matter (50 percent organic carbon) are more enriched in uranium (0.5 percent), radiogenic lead (200 ppm), yttrium (800 ppm) and heavier rare-earth elements (such as ytterbium, 45 ppm), but are depleted in molybdenum, vanadium, and nickel. Normalizing to aluminum accounts for the major and rock-forming elements but not the above-mentioned metals and trace elements in the shale and kolm. In most black shales, increased metal or trace-element contents can be accounted for by analogous increases in organic matter, pyrite, or phosphate as hosts or sites. However, simple ratios of 2 trace elements to these hosts do not account for the concentrations of metals and trace elements in unmetamorphosed Alum Shale or kolm. These concentrations may result from selective transport and concentration by organic matter in an unusual depositional environment.
In the metamorphosed area, the organic carbon contents of the rocks are not greatly different, but the vanadium (0.2 percent), nickel (500 ppm), zinc (500 ppm), cadmium (10 ppm), and barium (1,500 ppm) contents are much greater, and phosphorus (1,100 ppm) is somewhat greater. Addition of metals from other sources rather than redistribution of metals probably accounts for the increased amounts of vanadium, nickel, and zinc in the metamorphosed and tectonically affected area. During tectonism, vanadium, nickel, zinc, and barium may have been mobilized from underlying igneous rocks by heated fluids, and vanadium may also have come from the overlying Dictyonema zone as the fluids recycled.
A Sulfur Isotope Study of the Leicester Pyrite Member (Middle Devonian) of Western New York StatePreliminary Results
By Timothy W. Lyons, Department of Geology and Geophysics, Yale University, New Haven, CT 06511
Background
The Leicester Pyrite Member of the Genesee Formation is exposed in discontinuous lenses for 120 km in an outcrop belt of Middle Devonian strata spanning western New York State. The Leicester extends from central Erie County to the Finger Lakes region. From eastern Erie County to its easternmost extent, the Leicester is at or very slightly above the disconformable base of the Geneseo Shale Member (Baird and Brett, 1986 ) of the Genesee. These members constitute the basal beds of the Genesee and occur along the Taghanic unconformity, a hiatus of regional significance. The Leicester pyrite lenses are typically several centimeters thick and, as described by Baird and Brett (1986) , consist of pyritic grains with subsidiary bone, conodont, and quartz-pebble fractions. In general, the pyritic material consists of irregular, nodular, and tabular grains, and, to a lesser degree, fossil steinkerns and permineralized wood (Baird and Brett, 1986) .
The investigation of Baird and Brett (1986) was a major step towards an improved understanding of the enigmatic Leicester Pyrite Member. They described the spatial and stratigraphic distribution and the overall character, and gave a detailed genetic model. They suggested that the grains of the Leicester Pyrite Member were reworked from the subjacent strata as a consequence of erosion in a low-to zero-oxygen environment (thus pyrite oxidation was minimal). They maintained that internal turbulence combined with episodes of storm-generated turbulence may have exhumed and concentrated preexisting pyritic grains from the underlying sediment. Matrix winnowing and concomitant pyrite lag formation associated with a rising sea level were thought to be indicated by the diachronous nature of the Leicester, as well as the juxtaposition of the black-shale environment of the Geneseo and the underlying submarine erosional discontinuity.
Present Study
This study of the Leicester Pyrite Member has three goals: (1) to test the detrital pyrite model of Baird and Brett (1986) by geochemical means, (2) to increase understanding of the complex paragenesis represented by the Leicester Pyrite Member, and (3) to provide additional data to help understand pyritization phenomena in fine-grained, siliciclastic-dominated sediments. To date, the investigation has focused on one locality, the Fall Brook exposure near the town of Geneseo in the Genesee Valley of New York. Here, a Leicester lens averaging 3 to 5 em thick is overlain by a well-laminated, fossil-free euxinic facies of the Geneseo Shale Member and is underlain by a gray, bioturbated, probably dysaerobic shale of the Windom Shale Member of the Moscow Formation (Hamilton Group). Preliminary results indicate that the Geneseo has a strong associated petroliferous odor, has organic and inorganic carbon contents of 2.88 and 3.00 percent, respectively, and has a total sulfur content of about 0.7 percent. Analyses of the Windom Shale Member revealed a Corganic concentration of 0.32 percent and a Cinorganic concentration of 4.57 percent. The total sulfur in the Windom measured about 1.0 percent, and lithologies near the Leicester were found to be relatively deficient in megafauna! elements. These data are from one sample from each of the adjacent shales.
The Leicester at Fall Brook is dominated by tubular (perhaps pyritized burrows) and nodular pyritic grains typically ranging from much less than 1 to 2 em in size, and significantly lesser amounts of pyritic fossil debris. Associated with the pyritic materials are phosphatic bioclasts and minor quantities of glauconite, both of which are also assumed to have been concentrated during the lagforming process. Shale rip-up clasts were also observed, implying a notable degree of compactional sediment cohesiveness at the time of erosion. The intergrain areas include an abundant finer grained pyrite component which, as revealed by scanning-electron and reflected-light microscopy, 3 contains framboids and numerous polyframboidal aggregates. The major pore-filling constituents include both mud matrix and sparry calcite cement, as well as moderate amounts of pore-and grain-fracture-filling barite and sphalerite. There are multiple pyrite generations, including pyrite-filled grain fractures and pyrite encrustations (overgrowths) on the margins of pyritic grains. Microscope observations of textural evidence (grain-contact relationships) strongly suggest that the majority of the overgrowth pyrite predates deposition of the Leicester. Additionally, many of the Leicester grains contain a relatively large percentage of included mud matrix.
Isotopically, the sulfur in the Leicester and the adjacent shales presents an intriguing picture. Sulfur from five samples of the overlying Geneseo Shale Member, extracted by means of chromium reduction (Canfield and others, 1986, a Analyses of microsamples (samples L-6 and LP1d) taken from different places in the same grain revealed isotopically heavier sulfur towards the edge of the grains. None of the material in samples L-6 and LP-1d was from well-developed, obvious overgrowths. This edgeward trend towards heavier sulfur probably reflects grain accretion in a closed or semiclosed system where pore-water sulfate and, as a consequence, sulfide became progressively heavier with continued sulfate reduction. In contrast, a selectively sampled pyrite overgrowth from sample L-2 (a possible pyritized burrow with what appears to be a well-developed overgrowth) yielded a o 34 S value 48 per mil lighter than the grain interior. One possible explanation involves interpreting the overgrowth as a pyritized organic or pellet-rich burrow lining. This phenomenon was widely observed by Baird and Brett (1986) in both the Windom and Leicester. Perhaps the isotopically light, pyritized lining was later filled with a heavier generation of pyrite as diagenesis progressed. The majority of the tubular grains observed during this study did, in fact, consist of solid pyrite cylinders rather than hollow tubes (although sphalerite-filled pyritic tubes were not uncommon). 34 S values of the magnitude and variability of those observed (in closely spaced samples) from the Leicester to hydrothermal processes (that is, later pyritization of an original carbonate lag). Instead, the data indicate a mixing of early diagenetic pyritic grains that formed at various depths of burial and had associated extents of sulfate reduction and degrees of system openness with respect to pore-water sulfate and sulfide. However, significant burial depths for Windom pyritization would necessitate erosion of great thicknesses of sediment in order to expose these grains for later accumulation in the Leicester.
Many questions still remain concerning the chemistry of the Leicester Pyrite Member. Perhaps additional analyses and a more regional perspective will shed further light on the geochemistry of the Leicester, including the still-mysterious paucity of associated carbonate allochems. The existing data, however, appear to concur with the observations of Baird and Brett (1986) and favor the detrital pyrite model proposed by them.
Some Evolutionary Pathways of Metalliferous Black Shales and Other
Fine-Grained Sediments-Uraniferous Kerogens at Witwatersrand, South Africa; Elliot Lake, Canada; and Oklo, Gabon By Bartholomew Nagy, Laboratory of Organic Geochemistry, Department of Geosciences, University of Arizona, Tucson, AZ 85721
The black, brownish-black, or dark-gray color of most shales, siltstones, and other fine-grained sedimentary rocks is mainly caused by finely admixed, sufficiently abundant kerogen. Metallic minerals also contribute to such coloration with, and in places without, kerogen. Elucidation of the nature and development of these rocks is an interdisciplinary endeavor and involves various factors that affected the geochemical system from the time of deposition (or occasionally prior to it) through geological history. When these rocks contain minerals of economic significance, the interdisciplinary stepwise evaluation of successive petrologic events is of more than usual significance.
Factors that affect the system range from biological and atmospheric considerations, to depositional, diagenetic, and( or) metamorphic environments, to mineralogy, stratigraphy, hydrothermal effects, to P, T, pH, Eh, molarity relationships, and so forth, during petrologic history. Some of these factors are commonly considered, whereas others receive at best only cursory attention.
Three uraniferous kerogen deposits are briefly discussed to point out some probable events and constraints that occurred during their geologic histories. These histories may illustrate the diverse origins of metalliferous black shales and fine-grained rocks. In this report the term "kerogen" is used with a modifier where necessary to define its specific properties. In the modern study of basic organic geochemistry, this terminology is increasingly preferred to minimize potential misunderstandings. To illustrate this point, "thucholite" is an industrial term for kerogen containing thorium, uranium, carbon, hydrogen, and oxygen. But the latter three elements are present in all kerogens; thus, thorium-and uranium-bearing kerogen is still kerogen.
The Auriferous, Uraniferous Witwatersrand Kerogens
The Vaal Reef kerogen from the Witwatersrand, Africa, deposits has been studied in detail (the term "reeP' refers to the gold-and uranium-bearing ore). The thin auriferous, uraniferous carbon layers are generally believed to be the remnants of extensive mats of ancient 5 cyanobacteria (Pretorius, 1974) , which developed in relatively quiescent areas on fine-grained sediments probably close to the seaward part of alluvial fans. The sediments, as well as most of the gold and uranium minerals, were derived from a crystalline upland and were first transported by proximal braided streams with shifting flow and bed-relief patterns (Smith and Minter, 1980) . Farther to the seaward side of the alluvial fans and fan deltas, the energy of transport must have substantially subsided to prevent tearing and dispersion of the extensive cyanobacterial mats. At the time of the deposition of the Witwatersrand sediments (2.8-3.0 Ga), no forms of life higher than prokaryotic microorganisms had evolved. Although microfossil-like objects have been found in the Vaal Reef kerogen, their syngenecity has not yet been established because of the technical difficulties of finding such objects embedded within the kerogen matrix, for example by transmission electron microscopy. Thus, evidence for prokaryotic mats is indirect. However, the lack of evidence for polymerization of gaseous or liquid hydrocarbons from sources such as hydrothermal effluences supports the microbiological origin. The cyanobacterial mats seem to have trapped and concentrated most of the uranium minerals, detrital gold, fine-grained quartz, as much as 28 percent clay, and a few other minerals occurring in minor abundances. Kerogen might be termed metalliferous, shale-rich organic matter. The mats also must have been affected by a rather reducing milieu; the contemporary atmosphere, as currently defined, was mainly C02 and N2, with H20 and some CO. Scanning electron microscopy and electron microprobe analyses revealed small aggregates of clay minerals commonly a few micrometers in size, admixed in several kerogen layers (Zumberge and others, 1978) . Euhedral gold crystals, showing no abrasion marks, and dendritic pyrite have also been identified in the kerogens, attesting to postdepositional crystallization. The kerogens did not seem to have been extensively mobilized by thermochemical reactions during their geologic history, although fractures in the adjacent fine-grained quartzite host rock have been filled in places by kerogen and seams of heavy minerals. The heavy minerals perhaps may be the result of hydrothermal episodes, as advanced diagenesis and mild metamorphism have been proposed at locales of the extensive Witwatersrand deposit. Molecular analyses of kerogen by combined vacuum pyrolysis, gas chromatography, and mass spectrometry revealed a coupled organic solid, releasing mainly alkylsubstituted aromatic hydrocarbons, and aliphatic hydrocarbons of low molecular weight, with some aromatic sulfur and aliphatic oxygen moieties (Zumberge and others, 1978) . Compared to other uraniferous kerogens, the evolutionary pathways of the Witwatersrand deposits were relatively straightforward.
The Uraniferous, Auriferous Elliot Lake Kerogens
The Elliot Lake, Canada, kerogens contain notably less gold than the Witwatersrand deposits, but some of them contain more uranium. They also indicate more complex evolutionary pathways. The major differences between the Elliot Lake and Witwatersrand kerogens are: there are at least two generations of kerogens, stratiform and more or less globular. The globular type in many places has morphologies of solidified liquid droplets and contains low uranium abundances. The stratiform kerogen is rich in detrital uraninite. Petrologic and geochemical observations and measurements suggest that the globular kerogen was derived from the stratiform kerogen considerably after deposition and burial.
The kerogens occur in the basal Matinenda Formation in the western part of the 2.25-2.45-Ga Huronian strata. The basal metasedimentary rocks were deposited by braided streams on alluvial fans; conglomerate, pebbly sandstone, arkosic sandstone, sandy limestone, and siltstone were deposited by fluvial action (Mossman and Harron, 1984) . The uranium ore and associated kerogen were laid down in sedimentary cycles. Deposition started with coarse grains, mainly quartz, and gradually graded to minerals of increasingly finer grain size and terminated with the deposition of fine grains of uraninite in what are now the kerogen layers. This pattern had been considered a cycle of gradually decreasing energy of transport, leading to a period of quiescence when potential cyanobacterial mats could have developed (Ruzicka and Steacy, 1976) . Subsequent depositional cycles commonly repeated this sequence. This pattern is the indirect, suggestive evidence for the presence of cyanobacterial mats at Elliot Lake. The kerogen layers are not as extensive here as they are in the Witwatersrand.
Molecular analyses of the Elliot Lake kerogens, as described above for the Witwatersrand kerogens, showed that the kerogen globules contained somewhat more abundant aliphatic moieties than the stratiform layers (Nagy and Mossman, in press ). Reflectances of the globular matter were markedly lower, and its H/C, 0/C atomic ratios, determined as of this writing, were higher (H/C about 0.8) than those (H/C about 0.4-0.6) of the stratiform kerogens (Willingham and others, 1985) . In places, the layers were rimmed with kerogen showing markedly lower reflectances, as if this substance had exuded from the stratiform kerogen. Petrologic examination revealed that these rocks were subjected to hydrothermal episode(s). Therefore, thermochemical reactions, for example, some type of hydrous pyrolyses, could have mobilized part of the stratiform kerogen to the globular substance, the migration of which was subsequently arrested by diagenesis and mild meta-6 morphism. Mobilization should have occurred under strictly anoxic conditions to restrain dissolution of the detrital uraninite and thus preclude its incorporation into the globular kerogen. It has been suggested that few if any n-alkanes would survive in kerogens older than about 1.6-1.8 Ga. If so, the globular kerogen should have evolved approximately at this time, rather than at 2.45 Ga, to account for its n-alkane constituents, setting a younger effective evolutionary age for the globular organic matter.
The Uraniferous Oklo Kerogen
The uraniferous kerogen at Oklo, Gabon, had probably the most unusual evolutionary pathway of the three areas described in this report. There are six natural nuclear reactor cores, 2 Ga in age, where uranium chain fission processes occurred (Draganic and others, 1983) . These cores are in sedimentary rocks in the Franceville basin, and their uranium content is 20-60 percent. The sediments were probably buried several thousand meters deep but contained water which served as both coolant and moderator. The present ratio of 235 U to total U on Earth is 0.7 percent, but on the early Earth the abundance of 235 U was 40 times higher. The total energy liberated during the lifetime of the Oklo phenomenon was about 500 x 10 9 mega joules. Of course, the kerogen was heated, and globular kerogen here contains minute particles of dispersed pitchblende, suggesting unmixing from kerogen (Geffroy, 1975) . These Oklo processes resulted in an extreme example of thermochemical and radiochemical reactions affecting kerogen and globular kerogen.
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Draganic, I.G., Draganic, Z.D., and Altiparmakov, D., 1983, Natural nuclear reactors and ionizing radiation in the Precambrian, in Nagy, Bartholomew, Weber, R., Guerrero, J.C., and Schidlowski, M., eds. Ten provinces in southern China contain metalrich shales in Cambrian and other Paleozoic strata (Chen and others, 1982) . Beds of special interest are gradational between coal and black shale, in the Lower Cambrian of Guizhou and western Hunan Provinces. These strata contain economically valuable amounts of molybdenum, nickel, vanadium, uranium, and other elements (Fan, 1983) .
Since 1985 a stratiform nickel-molybdenum deposit near Songlin in Zunyi City, Guizhou (about 150 km by road from Guiyang, the provincial capital), has produced 1,000 tons of ore per year. The Songlin deposit, now developed by about 30 short adits, consists of a 2-m-thick horizon of nickel-and molybdenum-rich blackshale beds and a centrally located 5-15-cm thick nickelmolybdenum sulfide lens. The ores are hosted by Lower Cambrian shales and generally contain about 2-4 percent molybdenum and about 2-4 percent nickel but may contain as much as 25 percent molybdenum. Assays of the Songlin shales also indicate the presence of as much 7 as 1-2 percent zinc, 600-6,000 ppm arsenic, 0.01--0.7 ppm gold, 10-50 ppm silver, about 180-1,900 ppm selenium, 0.15--0.3 ppm platinum (as well as other platinum-group elements), and 1,700 ppm copper (Fan and others, 1978; Fan and others, 1984; Institute of Geochemistry, Academia Sinica, 1981; Chen and others, 1982; Fan, 1983; Chen, in press ). Available assays for black shales in southern China average about 18 ppb iridium (Fan and others, 1984) . Such large quantities of precious metals are unusual in black shale. For example, these amounts have not been found to date in molybdenum-rich (containing about 100-1,500 ppm Mo) shale that is widespread in the Pennsylvanian System of the American Midwest (for example, Coveney and others, 1987) . Although production at the mine near Songlin is relatively small, the deposit is nevertheless noteworthy as it is the only mine in the world from which molybdenum is economically recovered from black shale-hosted ore. Ore from the sulfide layer that has been processed for molybdenum is stockpiled in anticipation of future recovery of nickel and precious metals.
The Songlin ore zone can be traced for about 6 km along the outcrop (it has not yet been drilled). Furthermore, similar nickel-molybdenum sulfide lenses occur at what seems to be the same stratigraphic horizon in western Hunan (for example, at the Doyong deposit, which is not presently mined). The widespread occurrence of nickel-molybdenum sulfide lenses in Lower Cambrian beds in Guizhou, Hunan, and elsewhere in southern China suggests the advisability of additional exploration efforts to delineate occurrences of shale-hosted nickel-molybdenum deposits.
Ores of the Songlin mine and related deposits in southern China can be spatially related to major regional basement faults. In some places, as in Hunan, host shales are closely associated with volcanic rocks of similar age. Textural features (Fan, 1983 ) and other factors imply that the metal enrichments in the shales of southern China formed syngenetically and during early diagenesis as a result of submarine hydrothermal springs that were active during sedimentation (Chen, in press).
Chen N ansheng, in press, The Cambrian hydrothermal sedimentary molybdenum and nickel ore deposits in south China [abs.]: Abstracts for the International Association of Sedimentologists, International
Introduction
Anoxic sedimentary environments of the past are recorded in black shales. Wedepohl (1968) noted that "average" shales reflect shallow-water sediments that accumulated under oxidizing conditions. Thus, the composition of so-called "average" shales does not represent past conditions where anoxic water and sediments were a significant component of the potential geologic record. Secondarily, as sediments resulting in black shales can be deposited under both oxic and anoxic conditions and in shallow to deep water, a black-shale composite better indicates oceanic conditions during the time of deposition than composites based primarily on 8 shallow-water oxic conditions. Accordingly, we analyzed 287 samples of stratigraphically well documented 1 wcalcic Paleozoic and Mesozoic black shale, using neutrr · activation analysis, for: Na, Mg, AI, K, Ca, Sc, Ti, V, Cr Mn, Fe, Co, Zn, Ga, As, Se, Rb, Sb, Cs, Ba, Hf, Ta, TL and U, and for the rare-earth elements La, Ce, Nd, Sm Eu, Tb, Dy, Yb, and Lu.
This study expands the compilation of North American black shales by Vine and Tourtelot (1970) by the addition of 16 elements, including the first compilation of the rare-earth-element series for black shales. In this report, our data are compared with the black-shale compilation (V &T:BSC) of Vine and Tourtelot (1970) and with other general shale compilations such as Turekian and Wedepohl (1961) and Gromet and others (1984) .
This study (called the Marine Sciences Group Black-Shale Composite or MSG:BSC) emphasizes the Paleozoic (Ordovician, Silurian, and Carboniferous) and middle Mesozoic (Jurassic), as most black shales were deposited then (Berry and Wilde, 1978 (Pettijohn, 1949, p. 291 ) , in order to focus on the composition of the argillaceous black-shale facies.
Analytical Procedures Neutron Activation Analysis
A suite of 41 elements was determined in the samples (table 2). All elemental abundances were determined at the Los Alamos National Laboratory using automated neutron activation analysis (Minor and others, 1982) . Use of a single laboratory minimized the possibility of error commonly introduced by variations in analytical techniques or laboratories (Fairbairn and others, 1951; Quinby-Hunt and others, 1986) . Most of the elemental concentrations were determined using conventional reduction of gamma-ray spectra of the radioactive isotopes.
Uranium was determined by delayed neutron counting. The automated system was calibrated using a collection of U.S. Geological Survey, U.S. National Frequency distributions for each element were plotted against the midpoints of distribution bins used in determining the distribution ( fig. 1 ). Means and modes of elements in the MSG:BSC study are listed in table 2 with mean concentrations of Turekian and Wedepohl (1961) and Gromet and others (1984) for shales and means and modes of the V &T:BSC study. In determining the mode and to facilitate comparison with the study of black shales by Vine and Tourtelot (1970, p. 257) , we used their geometric concentration ranges. Each bin ( fig. 1) has  boundaries of 1.2, 1.8, 2.6, 3.8, 5.6, 8.3, 12 , 18 ppm, and so on. For example, the midpoint of the bin containing data ranging from 0.83 to 1.2 ppm is 1; the midpoint for the bin containing data from 1.2-1.8 ppm is 1.5 ppm. The next consecutive midpoints are 2, 3, 5, 7, 10 ppm, and so on. The mode, as the midpoint in the frequencydistribution bin, is presented because the mean is sensitive to a few extreme values and may not indicate the central tendency in a distribution.
If less than 60 percent of the samples did not contain detectable levels of an element, we have presented the mean of the detectable concentrations; for the mode, we have listed the percentage of all samples containing less than the detectable concentration. For example, 134 ( 4 7 percent) of the 287 samples contained measurable amounts of calcium. The average calcium concentration for samples in which it was detected ( fig. 1 ) was 17,000 ppm. However, the average sample containing undetectable quantities of calcium contained less than 800 ppm. In fact, 60 percent of all samples contained less than 2,600 ppm. Thus, the mode is given as "60 percent < 2,600 ppm" in table 2.
Discussion
The low-calcic shales analyzed for this study showed less variability of composition for the unimodal elements than was observed by Vine and Tourtelot (1970) because, in this study, the samples were basically clays and other detrital minerals having little carbonate to complicate the mineralogy. The multimodality seen in these low-calcic shale samples suggests that factors affecting composition of black shales, other than source composition, are present during deposition and diagenesis.
This study demonstrates that the black-shale facies is chemically complex and contains several chemofacies. Ideally, if the black-shale facies observed in the field was a single chemical-sedimentary quantity, the elements characteristic of that facies would show a unimodal distribution. When compared with the classic shale composites (Turekian and Wedepohl, 1961; Gromet and others, 1984; Taylor and McLennan, 1985) and with the study of black shales by Vine and Tourtelot (1970) , this study shows excellent agreement for the elements generally associated with detrital minerals, such as aluminum, titanium, and scandium. The trimodality of manganese concentrations indicates the possibility of three redox zones in black shales. Multimodality in volatile elements such as arsenic and antimony suggests that, additionally, a volcanic source may have an important chemical impact on the black-shale facies. The mean concentrations of elements of the organic and volatility indicators, vanadium, zinc, bromine, strontium, molybdenum, antimony, barium, and uranium, are significantly higher than the means for the shale composites and the Vine and Tourtelot (1970) compilation. This difference is due to the inclusion of the Dictyonema-bearing black shales of Balto-Scandia in our composite. Several authors have noted that certain black shales are enriched in various metals (Goldschmidt, 1954; Wedepohl, 1964; Vine and Tourtelot, 1970; Tardy, 1975; Holland, 1979; Berry and others, 1986) . The exclusion of these black shales from alternative compilations biases projections of the global oceanic conditions in the Paleozoic and Mesozoic. We prefer to include these samples, noting both the mean and the strong multimodal character of their frequency distributions. This approach identifies elements typifying an average black shale but also identifies elements with multiple modes that show that black shales can form under two or more chemical environments. Vine and Tourtelot (1970) (see text). If less than 60 percent of the samples contained detectable amounts of the element, the frequency distribution of the detection limit was examined in conjunction with the detectable concentrations and the percentage of samples below a certain concentration determined.
+These values are means of the samples in which less than 60 percent of the samples contained detectable concentrations.
ttFor these elements Vine and Tourtelot (1970) indicated a majority of samples less than the lower limit of detection using spectrography.
**Too few values available for calculation of meaningful mode.
SOURCES OF SAMPLES
1. Black-shale composite (V&T:BSC), Vine and Tourtelot (1970) .
5. Chondrite, Haskin and others (1966) . 2. Shale, Turekian and Wedepohl (1961) . 3. Post-Archean Australian shales, Taylor and Mclennan (1985) .
6. European shales, Haskin and Haskin ( 1966) . 4. North American Shale Composite, Gromet and others (1984) .
Conclusions
Black shales, which seem to be an easily identifiable and distinct sedimentary facies, represent a complex chemical system that contains several chemofacies and includes a wide range of redox conditions. The variability of composition observed in this study of lowcalcic black shales shows the need to examine distributional modes other than the mean when characterizing chemofacies associated with depositional environments. Comparisons with other composites, with respect to redox sensitive elements, indicate that the black-shale facies have a wider range of redox conditions than seen in published general composites. As such composites (for example, the North American shale composite) are used for normalization of chemical data, their usefulness as a standard, particularly for investigations of nonoxic shales, must be questioned. On the other hand, a well-documented black-shale composite may be a more valid standard for paleo-11 oceanographic and comparative chemical studies, especially in Paleozoic and earlier times when the redox conditions in the oceans were not as uniform or as oxic as in the modern oceans. Sulfide minerals occur in various textural forms in heavy-metal-enriched units of the New Albany Shale (Middle and Late Devonian and Early Mississippian) of Indiana. Most heavy-metal-enriched beds are characterized by high organic-carbon contents (as much as 25 weight percent). Sulfur content varies typically from 1 to 6 weight percent. Base-metal contents may be very elevated; some occur as sulfides.
Early sulfide-mineral assemblages consist of pyrite, chalcopyrite, sphalerite, galena, and rarely pyrrhotite or an iron-nickel sulfide. Pyrite occurs as framboids (either solid or disjointed), single crystals, spore fillings, and, in places, colloform aggregates. Chalcopyrite occurs as individual grains, as rims around or intergrown with sphalerite, or with pyrrhotite in cores of grains enclosed by sphalerite. Sphalerite is also found as euhedral to anhedral individual grains, as rims around pyrite framboids, as interstitial filling of pyrite framboids, or as distinct spherical to elongate grains enclosed by organic material. Galena, with as much as 5 percent selenium, is found rarely in association with sphalerite. Later stage sulfides are mainly pyrite fracture or syneresis fillings.
Textural features of sphalerite occurrences indicate formation syngenetically or during early diagenesis, but mechanisms of precipitation varied within local microenvironments. Replacement of the interior part of spores or semifusinite grains and crystallization in intergrain sites apparently devoid of organic matter or pyrite has occurred. The localization of sphalerite around clusters of pyrite framboids (without replacement of pyrite) may indicate differences in morphological response during coprecipitation or a later replacement of organic material that initially enclosed pyrite. Textural features suggest that sphalerite developed in an euxinic (H2S-bearing) water column or pore system. Although communication with seawater was probably restricted, sufficient zinc and other metals were present in seawater, organic debris, or detrital materials to promote local deposition of sulfides in select H2S-rich environments. A regional geochemical survey of drainage-basin sediments in the Taconic Ranges of New York and Vermont has identified areas in which the bedrock contains significant amounts of lead, zinc, copper, cobalt, molybdenum, barium, arsenic, and silver, and probably tin and antimony. The high concentrations of these elements and the rock-forming elements iron, manganese, calcium, and strontium, identify regions favorable for the occurrence of stratabound base-metal deposits. The nonmagnetic heavy-mineral suite was the chief source of data from the drainage-basin sediment samples. Sieved stream-sediment samples provided significant data on the distribution of zinc and arsenic.
The base-metal anomalies are from pyrite, arsenopyrite, rare chalcopyrite, and weathered limonitic debris (some of which may be after sphalerite). Tin, antimony, and lead anomalies are associated with unidentified oxides. Their remote (progenitor) source is most likely a sulfosalt mineral. Barium anomalies occur in barite and bariferous carbonate.
The general trends of the base-metal anomalies, as interpreted from isopleth maps of metal abundances, suggest that the element sources are specific rock units in the Taconic sequence which could contain stratabound metal deposits. A geochemical survey of rocks, following the stream-sediment survey, confirmed that some rock units are highly enriched in barium, arsenic, copper, molybdenum, zinc, silver, phosphorus, iron, and manganese. High metal contents were found in black slates (commonly near a black slate-green slate interface) and in associated carbonate units. These rocks are considered to be the source of the metal anomalies in drainage-basin sediment samples. Certain carbonate breccias, for example, are highly enriched in zinc, barium, molybdenum, and arsenic. The black slates are most highly enriched in molybdenum and barium. Most barium contents range from 500 to 3,000 ppm, but rare samples exceed 1 percent. Phosphatic units occur throughout the Taconic sequence but seem to have higher phosphorus contents close to sulfide-rich units.
The regional stream-sediment data is from 171 drainage-basin samples. Computer-generated isopleth maps of metal abundances were prepared from the data, and R-mode factor analyses were made in which the factor score results were plotted on isopleth maps. About 67 percent of the data variance can be explained by the following factors, in order of amount of variance accounted for:
Factor 1: V, Nb, Mg, Ti, Mn, B, Cu. Factor 2: Fe, Co, As, Zn, Cu. Factor 3: Ca, Sr, Ba, Pb. Factor 4: La, Cr, B, Sc. Factor 5: Bi, Ag, Pb, As. Factor 6: Be, Au, Sn. Factor 7: Sn, Mo, Sb, Cu.
Factor 1 is a detrital mineral association that indicates rutile, mafic sheet silicates, and tourmaline. Factor 2 is a sulfide association, primarily related to the distribution of pyrite and arsenopyrite in the black slates and carbonates. Factor 3 is related to the carbonate lithologies. These associations suggest that barium and 16 lead are more closely associated with carbonate-rich units than with low-carbonate black slate. The associated elements calcium and strontium clearly indicate a carbonate component. Factor 4 is related to the detrital mineral fraction of the black slates. Factor 5 is considered a sulfosalt association, probably from stratabound sources. The map distribution of factor 5 suggests but does not prove that they originated in the sedimentary sequence and not in cross-cutting veins. Factor 6 is likely related to rift-related mineralization of Mesozoic age. Factor 6 metals were probably derived from cross-cutting, post-tectonic veins, on the basis of sporadic isopleth map patterns. Factor 7 is another probable sulfosalt association whose source is yet to be identified.
These field, geochemical, and statistical studies show the importance and potential of the black slate and carbonate units of the Taconic Ranges for mineral deposits. Much work is yet to be done.
